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ABSTRACT
Resonant Raman spectroscopy of single carbon nanotubes suspended across trenches displays red
shifts of up to 30 meV of the electronic transition energies as a function of the surrounding
dielectric environment. We develop a simple scaling relationship between the exciton binding
energy and the external dielectric function and thus quantify the effect of screening. Our results
imply that the underlying particle interaction energies change by hundreds of meV.
The long predicted presence of excitons with large binding en-
ergies in carbon nanotubes (CNT)1,2,3,4,5 has been experimen-
tally confirmed by recent two-photon experiments6,7,8. With
binding energies of hundreds of meV and Coulomb energies
highly sensitive to screening due to the one dimensional na-
ture of CNTs, one expects that the measured optical transi-
tion energies should change significantly with changes in the
dielectric environment. Yet experiments report variations on
a scale of just a few tens of meV across dielectric environ-
ments as different as CNT bundles in solution, micelle encap-
sulated CNTs, and individual nanotubes suspended in air9,10.
Lefebvre et al. measured the photoluminescence (PL) emis-
sion from CNTs freely suspended in air9 and compared the
results with the PL from micelle encapsulated nanotubes pub-
lished by Bachilo et al.11. By using family structure to cor-
relate CNT species between the two data sets, they were able
to show average red shifts of only 28 meV and 16 meV in
E11 and E22, respectively (where Eii is the optical transition
energy associated with the ith subband), upon micelle encap-
sulation, a surprisingly small change given the different envi-
ronments.
In this work, we investigate the underlying reasons for this
small variation of the observed optical transition energies. We
follow the shift of the electronic energy levels as we control
the screening of the Coulomb interaction in single CNTs sus-
pended across trenches. Specifically, we use resonant Raman
spectroscopy (RRS) to probe the optical transition energy E22
of a given CNT as we change the dielectric environment from
dry N2 to high humidity N2 to water. We present experimen-
tal evidence of dramatic underlying changes in those particle
interaction energies that largely cancel each other, leading to
the small variations in observed optical transition energies, in
accordance with the picture described by Ando and Kane and
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FIG. 1: (a) Typical Raman spectrum taken in dry N2 at
742 nm excitation, near outgoing resonance of the G band.
Lorentzian fits to the G−, G+ and 1734 cm
−1 Raman modes
are shown in green, red, and blue respectively. Inset.
Lorentzian fit, shown in red, of the RBM Raman mode taken
at 828 nm, near incoming resonance. (b) Contour plot show-
ing intensity of the RBM as a function of excitation energy
and Raman shift. (c) REPs of the same data set as in (b).
Mele1,2.
Typical spectra from resonant Raman scattering of single
CVD grown CNTs suspended across trenches12 are shown
in Figure 1a. Details of the experiment have been presented
elsewhere.13,14 The Stokes scattering peak intensities for each
Raman active phonon mode appearing in the spectra are plot-
ted against laser excitation energy resulting in the resonance
excitation profile (REP) for a given phonon mode. In gen-
eral, the REP will be double peaked from the combined res-
onances of the incoming and outgoing photons with the elec-
tronic structure of the nanotube, which are resolvable when
the scattered phonon energy is greater than the broadening of
the resonance. The radial breathing mode (RBM) appears as
a single peak whereas the peaks of the incoming and outgo-
ing resonances of the tangential phonon modes, G− and G+,
are spectrally separated by virtue of their much larger phonon
mode energies. By fitting a one phonon exciton-mediated
REP line shape15, we can determine the electronic transition
energy, Eii, with which the photons are resonant. Here we
use Eii to denote the excitonic transition associated with the
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FIG. 2: (a) Contour plot showing normalized intensity of the
G+ outgoing resonance as a function of both excitation en-
ergy and Raman shift measured in dry N2, 82% RH N2, and
immersed in water. (b) REPs of the data shown in (a). Plots
are offset in the vertical direction for clarity. Data measured
in dry N2 is shown in blue squares with the accompanying
REP fit shown with a solid blue line. Data measured in 82%
RH N2 and in water are shown similarly in green and red,
respectively. (c) and (d) Same as in (a) and (b), respectively,
but for the 1734 cm−1 Raman mode.
i→i interband transition. Together with the RBM, Eii deter-
mines the CNT species. The data shown in Figures 1 and 2
are ascribed to a (12,4) nanotube.
We measure REPs of individually resonant CNTs in dry N2
in an enclosed chamber, followed by adding water vapor to the
nitrogen with humidity measured with a hygrometer. Finally,
the sample is directly immersed in water and the experiment
repeated a third time, all on the same singly resonant CNT.
The set of REPs yield Eii for each phonon mode and dielectric
environment, and thus measure the shift in the electronic level
with increasing ǫ. The shifts measured by each phonon mode
are all identical for the same CNT, as they should be.
Single nanotube RRS is complicated by the need for high
precision positioning and high stability (≤25nm) during spec-
tral acquisition and changing laser frequencies, all at low pow-
ers to maintain the CNT phonon bath at room temperature.
Consistency in the measurements is demonstrated in Figures
1b and 1c where the REP of the RBM taken in dry N2 is
shown. The electronic resonance, E22, falls just outside our
experimentally accessible range for this mode. Despite hav-
ing only half of the REP for this Raman mode, run 2, which
was taken immediately after run 1, predicts the same E22 as
run 1 to within 1 meV. In addition, the outgoing peak of the
REP for the G+ tangential phonon mode for this CNT, shown
in Figures 2a and 2b (data taken concurrently with the data
shown in Figure1), yields the same E22 as the RBM to within
2 meV. As expected, all modes yield the same E22 for this
“Wet N2” Shift
(meV)
E22 “Wet N2”
( eV )
E22 Dry
( eV )
E22 in H20
( eV )
H20 Shift
(meV)CNT 1
RBM = 208 cm-1
- 7Incoming G+ 1.4651.472
1.467 1.449 - 27- 91.476Outgoing G+
- 331.467 1.441- 71.474Mode 1734
CNT 2
RBM = 212 cm-1
Outgoing G+ 1.437 - 10 - 261.427 1.411
- 11 - 29Mode 1734 1.423 1.4051.434
TABLE I: Tabulated results of red shifts for 2 carbon nan-
otubes. E22, as determined by REP fit, is shown for each
phonon mode and resonance condition.
CNT in dry N2, E22=1.475±3 meV.
The results of increasing external dielectric environment on
the Eii for two different Raman modes from the same CNT
are shown in Figure 2. The data clearly shows the outgoing
peak of the REP red shifting with increasing external dielec-
tric for both the G+ and 1734 cm−1 Raman modes16. The
measurements in water are noisier due to lower signal level
as a result of perturbation of the wave fronts by the water-
coverslip and coverslip-air interfaces. Despite this, shifts in
the resonance peak energies are clearly visible. High relative
humidity N2 introduces a ∼10 meV red shift in E22. Liquid
water red shifts E22 by∼30 meV, similar to the differences re-
ported by Lefebvre et al.9 Table I shows tabulated results for
two different nanotubes. Note the consistency in the observed
shifts between each dielectric environment.
In order to use our results to quantify the effect of screen-
ing on the particle interaction energies in CNTs, we first must
discount other possible environmental influences on the elec-
tronic transition energies including temperature17,18,19, me-
chanical strain17,20,21, and charge transfer22,23,24,25,26,27,28,29.
All measurements were taken at room temperature and laser
power kept sufficiently low to avoid heating of the CNT17.
Mechanical strain changes the C-C bond lengths which shifts
the energy levels of the nanotube17,30 and can lead to Eii
shifts depending on the type of strain (uniaxial, isotropic, ra-
dial), (n-m)mod3 value, sub-band index, and chiral angle. But
strain causes a change in the observed phonon energies17,20,21
and we observe no changes in any phonon mode energies (to
within ∼ 1 cm−1). A number of studies have investigated
charge transfer and its effect on transport22,23,24,25,26 but it is
difficult to separate the effect of charging from that of screen-
ing in such experiments. However, charge transfer has been
shown to be associated with a change in the tangential phonon
energy27,28,29 and since, again, we observe no changes in any
phonon mode energies, we believe that charge transfer is neg-
ligible, in agreement the diameter dependent activation model
proposed by Shim et al.27. Thus the primary mechanism for
the observed shifting of the electronic transitions is screening
of the particle interactions.
To model the effect of the changing external dielectric func-
tion on the particle interaction energies, the simple single par-
ticle picture must be modified. The electron-electron interac-
tion energy, EBGR, significantly increases the single particle
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FIG. 3: Energy diagrams of the effect of the band gap renor-
malization and exciton binding energies on the optical transi-
tion energy in (a) unscreened and (b) screened environments.
band gap, largely counteracting the effect of the strong exci-
ton binding energy, EBind, on the optical transition energy1,2,
as depicted schematically in Figure 3a. This effect occurs for
all sub-bands Eii.
We consider the single particle Hamiltonian with two
particle interaction terms representing electron-electron and
electron-hole interactions, respectively, to determine the op-
tical transition energy measured in our experiment, i.e. EOpt
= ESP + EBGR - EBind. We seek to derive how those two
terms scale with changing external dielectric. EBGR should
scale simply as ǫ−1 for small electron wave vectors near the
zone center2. Determining the scaling of the exciton binding
energy with external dielectric is more difficult. Most theoret-
ical work treats the dielectric function as a constant fitting pa-
rameter and, moreover, does not address the issue of the pres-
ence of two different dielectric materials, i.e. the environment
and the nanotube itself. Two works do, however, explicitly
address excitonic binding in quantum wires of one dielectric,
ǫ1, in an external dielectric ǫ231,32 and serve as the starting
point of our model. In both papers, the Coulomb interaction
is integrated over the lateral spatial dimensions leading to ex-
pressions for the axial, 1D effective potential. This potential,
V1Deff (z), where z is the electron-hole separation, can be eval-
uated numerically and, for the range of dielectric values of
interest here, fit very well by a 1/(|z|+z0) potential where z0 is
known as the cutoff parameter and removes the singularity at
zero separation. We find, for both models, over our range of
dielectric values, that z0 scales linearly with 1/ǫ2. This is use-
ful since the exciton binding energy for this potential has been
solved33. Specifically, the exciton binding energy is given by
EBind = R∗h/λ2, where the quantum number λ is a compli-
cated function of z0, R∗h is the effective Rydberg defined by
R∗h = µe4/2~2ǫ2, µ is the exciton effective mass, and ǫ is the di-
electric constant which is, again, a poorly defined quantity in a
heterogeneous environment. We assume that the dependence
of the effective Rydberg on ǫ2 is approximately the same, that
is R∗h ∝ 1/ǫ22. The expression for λ as a function of z0 has been
solved numerically34 and may be approximated by a simple λ
∝ zβ0 power law where β∼0.4.
Hence, by combining the scaling relationships between R∗h
and ǫ2, λ and z0, and z0 and ǫ2 we derive a scaling relationship
E
BGR
E
BGR
E
BGREBind EBind EBind
580
326
671
377
254294
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364
254284
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ȯ
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Į Ł 1.0 ȯ2 = 1.78
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( All energies in meV )
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259
824
463
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259
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580
259
778
437
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2 = 1
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TABLE II: Particle interaction energies as a function of the
exciton scaling exponent, α, the external dielectric, ǫ2, and
the change in the optical transition energy, ∆EOpt. An un-
screened exciton binding energy of 580 meV37 is used as an
input parameter. The values below the line in each box show
the changes of the BGR and exciton binding energies with
screening. Their difference is ∆EOpt. The dashed circle high-
lights the numbers quoted in the text.
between the exciton binding energy and ǫ2. We find that the
exciton binding energy should scale as EBind ∝ (1/ǫ22)/(1/ǫ2β2 )
or ǫ−α2 where α=1.2. This is close to the value 1.4 derived
by Perebeinos et al.5 for higher dielectric environment where
the heterogeneous nature of the dielectric environment was
not considered. Further, since z0 scales with the radius of
the nanotube31,35 and the effective Rydberg is independent of
radius, the exciton binding energy therefore scales as EBind ∝
1/r2∗β or 1/r0.8, close to the previously published result 1/r0.6
5,36
.
We can now use these simple scaling relationships to extract
the effect of screening on the particle interaction energies. By
definition, the non-interacting single particle energy will not
directly change with screening and thus we may write ∆EOpt
= ∆EBGR - ∆EBind. Further EBGR = Eǫ2=1BGR/ǫ2 and EBind
= Eǫ2=1Bind/ǫ1.22 . In our experiment, ǫ1∼4 for graphite38,39, ini-
tial ǫ2=1 (dry N2), and final ǫ2=1.332=1.78 (in water). Hav-
ing directly measured ∆EOpt and by using an unscreened ex-
citon binding energy of 580 meV for nanotube (12,4)37 we
are able to extract values for the screened exciton binding en-
ergy and for the screened and unscreened BGR energies. Note
that this calculated E11 exciton binding energy is expected to
be a slightly smaller40 than that at E22, so the derived values
are conservative. Specifically, this analysis yields an exciton
binding energy of∼290 meV after immersion in water, an un-
screened BGR energy of ∼730 meV, and a screened BGR en-
ergy of ∼410 meV. Thus large reductions in the exciton bind-
ing energy and BGR energy of ∼290 meV and ∼320 meV,
respectively, lead to the small 30 meV red shift measured in
the optical transition energy, depicted schematically in Fig-
4ure 3. Limitations of our model include: the assumption of
solid wires rather than cylindrical shells in both quantum wire
models; published values of ǫ are used as fit parameters when
applied to heterogeneous environments; and the value of ǫ2 is
not known precisely.
We can also compare the exciton binding and BGR energies
at ǫ2=1 for these nanotubes. Theory predicts that the BGR en-
ergy should be larger than the exciton binding energy which is
used to explain the so-called “ratio problem”1,2,3. Indeed, we
find Eǫ2=1BGR - Eǫ2=1Bind ∼ +150 meV, a BGR energy larger than
the exciton binding energy at ǫ2=1 by about 25 percent for this
particular nanotube in an unscreened environment. Qualita-
tively, this result is fairly insensitive to the choice of α, going
as low as +70 meV at α=1 or as high as +220 meV at α=1.4
at ǫFinal2 =1.78.
Although Eǫ2=1BGR is greater than Eǫ2=1Bind, the change in EBGR
is not necessarily larger than the change in EBind with small
screening by virtue of their different scaling exponents. In
fact, our model predicts that values of α greater than 1.4 lead
to negligible or even blue shifts with small screening; the ini-
tial red shift measured in high humidity N2 indicates a mono-
tonic decrease in the electronic exciton energy level with in-
creasing screening and thus supports a value of α less than
1.4. Table II shows the underlying variation of the particle
interaction energies predicted by the model as a function of
the external dielectric value, the scaling exponent, and opti-
cal transition energy shifts. CNT 2 in Table I is assigned as
a (13,2) nanotube. It belongs to the same branch (2n+m) and
family as the (12,4) nanotube; thus the particle interaction en-
ergies determined by the model are very similar.
In summary, we experimentally show a monotonic decrease
in the optical transition energy with increasing dielectric en-
vironment and derive a scaling relation between the exciton
binding energy and external dielectric. Our model explains
the small shifts despite large changes in the underlying parti-
cle interaction energies. Further, we demonstrate that the band
gap renormalization energy is significantly larger than the ex-
citon binding energy at ǫ=1.
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